Chronic obstructive pulmonary disease (COPD) patients are at a high risk of developing cardiovascular diseases. Airflow limitation is a predictor of future risks of hypertension and cardiovascular events. COPD is now understood as a systemic inflammatory disease, with the focus on inflammation of the lungs. An association between inflammation and sympathetic overactivity has also been reported. In this article, we review the association between chronic lung disease and the risks of hypertension, cardiovascular morbidity, the underlying mechanisms, and the therapeutic approach to hypertension and cardiovascular diseases in patients with lung diseases.
Introduction
It has increasingly been recognized that the incidence of cardiovascular events is high in patients with chronic lung disease, represented by chronic obstructive pulmonary disease (COPD) [1, 2] . A number of population studies have shown that airflow limitation as measured by the forced expiratory volume in 1 s (FEV 1 ) or the FEV 1 /forced vital capacity ratio is a predictor of future risks of hypertension [3] and cardiovascular events [4] . It has recently been reported that COPD is associated with a high risk of congestive heart failure, ischemic heart disease, arrhythmia, stroke, hypertension, and peripheral artery disease [5] . The rates of hospitalization due to cardiovascular diseases and mortality among COPD patients were found to be twice those of non-COPD patients [6] . The other review described that for every 10% decrease in FEV 1 , all-cause mortality increases by 14%, cardiovascular mortality increases by 28%, and nonfatal coronary events increase by almost 20% [4] .
COPD shares some risk factors with cardiovascular diseases such as aging and smoking. However, COPD was shown to be an independent risk factor for the development of cardiovascular diseases [6, 7] . COPD has recently been recognized as a systemic inflammatory disease, in contrast to the previous view of COPD as a pure lung disease [8] . We hereby review the association between chronic lung diseases represented by COPD and the risk for cardiovascular morbidity and the therapeutic approach to cardiovascular diseases in patients with lung diseases.
Smoking, COPD, and Hypertension
COPD is an inflammatory response of the lungs to pollutants, mainly tobacco smoke [9] . The odds ratio for COPD in smokers is 2.92 (95% confidence interval 2.65-3.20) [10] . Both the smoking rate and the prevalence of COPD are high in Asia [11] . Smoking is an established risk factor for cardiovascular diseases. However, in COPD patients, it is difficult to distinguish whether their increased risk of cardiovascular disease is due to smoking or due to COPD [2] . COPD, hypertension, and cardiovascular disease are strongly linked with each other, and it is very hard to adjust smoking statistically [2] . Smoking is a risk factor for both COPD and cardiovascular disease.
COPD and Systemic Inflammation
COPD has been confirmed to be one of the systemic inflammatory diseases. Inflammation plays a central role in the pathogenesis of COPD. As part of the chronic inflammatory process, the cytokines tumor necrosis factor-alpha (TNF-α) and interleukin (IL)-6 are known to be elevated in COPD patients [8] . The levels of inflammatory mediators such as TNF-α, IL-6 and C-reactive protein (CRP) are elevated not only at the time of acute exacerbation but also when the disease is stable. Serum CRP has been shown to be a marker of cardiovascular morbidity and mortality [12] .
Inflammatory mediators were compared between COPD patients and non-COPD patients with or without a smoking history [13] : the levels of the white blood cell count, TNF-α, and IL-8 were the highest in the COPD patients, as were the levels of fibrinogen, IL-6, and highsensitivity CRP. Of note, the white blood cell count, TNF-α, and IL-8 levels were also elevated in the non-COPD patients who were smokers compared to the nonsmoking non-COPD patients. Thus, COPD is clearly a systemic inflammatory disease, with the focus on inflammation of the lungs.
An association between increased parameters of inflammation and sympathetic overactivity was reported in both a healthy young population [14] and an elderly population without heart disease [15] . An animal study revealed that parasympathetic nervous system activity may have anti-inflammatory effects [16] .
COPD patients are also very prone to infections. It was reported that approx. 50% of acute exacerbations of COPD are caused by Haemophilus influenzae , Moraxella catarrhalis , Streptococcus pneumoniae or Pseudomonas aeruginosa infections [17] . Bacteria such as Chlamydia pneumoniae (CP) contribute to the progression of atherosclerosis [18] , and approx. 4-16% of COPD exacerbations may be due to infection by CP [19] . CP causes atherosclerosis through inflammation, with an increased production of inflammatory cytokines (IL-1β, IL-6, IL-8, and TNF-α), chemokines, and reactive oxygen species [18] . Being prone to infections may also be a potential risk for atherosclerosis due to the frequent and prolonged inflammation via sympathetic activation.
COPD and Cardiovascular Diseases
In Western countries, cardiovascular diseases are the second highest cause of mortality among COPD patients after respiratory failure. The rate of cardiovascular mortality in COPD patients is about 20-30% of all-cause mortality, and the rate of sudden death is as high as 17% in men and 11% in women [20] . It is known that the incidence of ischemic heart disease is high in COPD patients [21] ; however, it widely differs from 4.7 to 60%. Among COPD patients hospitalized in 1998, the prevalence of congestive heart failure was 24.4% and the prevalence of atrial fibrillation (Af) was 14.3%. However, in a matched non-COPD cohort, the prevalence of congestive heart failure was 13.5% and that of Af was 10.4%, and these values are significantly higher in COPD patients [22] .
Another study found that the risk of new Af was 1.8 times higher for FEV 1 , between 60 and 80% of predicted, compared with FEV 1 ≥ 80%, after adjustment for age, sex, smoking, blood pressure (BP), diabetes, and body mass index [23] . It was also reported that diastolic heart failure is frequently seen in COPD patients. In mild to moderate COPD patients, the severity of emphysema and decreased %FEV 1 (FEV 1 /forced vital capacity) was associated with the level of left ventricular diastolic dysfunction [24] . The underlying mechanisms of this may be hyperinflation of the lungs (which results in elevated intrathoracic pressure and decreased preload) and chronic ischemia of the cardiac muscle. COPD is, therefore, one of the potential risk factors for cardiovascular events.
COPD, Pulmonary Hypertension, and Right-Sided Heart Failure
Pulmonary hypertension (PH) is frequently seen in COPD patients. The development of PH is associated with poor prognosis [25] and may progress to right-sided heart failure [26] . PH in COPD patients is caused by the loss of alveolar remodeling of the pulmonary vessels by chronic hypoxia and inflammation, decreases in the levels of endothelial vasodilators such as nitric oxide, and vasospasm caused by factors such as endothelin-1 [26] . These changes are even seen in smokers with normal lung function, and endothelial dysfunction from cigarette smoking may be the primary step in the development of PH in COPD patients.
With regard to the development of right-sided heart failure, it has recently been reported that right ventricular end-diastolic volume (RVEDV) was reduced in subjects with COPD compared to controls, and the RVEDV and right ventricular stroke volume was lowered as the severity of COPD increased. A greater percentage of emphysema was also associated with lower RVEDV and stroke volume [27] . In the acute exacerbation of COPD, pulmonary pressure is further elevated along with the worsening of hypoxia, which could result in right-sided heart failure [28] .
Sleep Apnea and COPD
Obstructive sleep apnea syndrome is an independent risk factor for hypertension and cardiovascular disease [29] . The coexistence of obstructive sleep apnea syndrome and COPD is common, and it is called overlap syndrome [30] . In patients with overlap syndrome, nocturnal oxygen desaturation is severe and the prevalence of PH is very high. In acute exacerbation in patients with overlap syndrome, noninvasive pressure support is known to be beneficial [30] . However, the evidence is limited to whether the pressure support therapy is effective in the chronic setting of COPD patients without obstructive sleep apnea [30] .
Chronic Hypoxia and the Hemodynamic System
Chronic hypoxia is a risk factor for hypertension and cardiovascular disease [29, 31] , but the underlying mechanism is unclear. Increased BP variability has been reported to be associated with an adverse cardiovascular prognosis in hypertensive patients [32] . We showed that chronic hypoxia was associated with abnormal BP and pulse rate (PR) variability in patients with pneumoconiosis. We recruited 19 patients with pneumoconiosis and 30 ageand BP level-matched control subjects from the Japan Morning Surge Home Blood Pressure (J-HOP) study. We used simultaneous pulse oximetry and ambulatory BP monitoring for all subjects and evaluated their BP levels and variability by determining the standard deviation (SD) and coefficient of variation (CV) of the BP data.
We found that in the patients with pneumoconiosis, although the daytime systolic BP (SBP) level tended to be lower (p = 0.07), the CV values for 24-hour SBP (p < 0.05) and diastolic BP (p < 0.001) were significantly higher than those in the control subjects ( fig. 1 ). The median daytime pulse oximetry oxygen saturation was inversely associated with the mean (r = -0.30; p < 0.01) and SD (r = -0.38; p < 0.001) of daytime SBP. The median nighttime pulse oximetry oxygen saturation (r = -0.55; p < 0.001) was inversely associated with the mean nighttime PR (r = 0.51; p < 0.001), and it was associated with the CV of nighttime SBP.
In the same study, a similar association between hypoxia and BP variability was also seen by using the arterial blood gas results as a parameter of hypoxia. The partial pressure of oxygen in arterial blood gas (PaO 2 ) was inversely associated with the CV of daytime SBP (r = -0.24; p < 0.05).
Thus, exaggerated BP variability was seen in patients with pneumoconiosis, and the measures of hypoxia were associated with large fluctuations in ambulatory BP and PR [33] . As increased BP variability is associated with poor cardiovascular prognosis in hypertensive patients, patients with severe lung diseases should be considered a high-risk group for cardiovascular diseases in terms of their high BP variability. In the pneumoconiosis patients, the daytime SBP level tended to be lower (p = 0.07), whereas the CV in 24-hour SBP (p < 0.05) and diastolic BP (p < 0.001) were significantly higher than in the control subjects. Adopted from Imaizumi et al. [33] . DBP = Diastolic BP.
Air Pollution and Hypertension
It has increasingly been recognized that the concentration of air pollutants may contribute to BP elevation and cardiovascular diseases. The association between the concentration of fine particulate air pollutants and increased BP was reported in a multiethnic study [34] . We have recently shown that the concentration of fine particulate matter with a diameter <2.5 μm (PM2.5) was associated with the home BP level at low temperatures [35] . We analyzed home BP data for 91 consecutive days in 40 hypertensive individuals living on Munakata Ohshima Island, a small island in Japan. We found that PM2.5 alone was not correlated with home BP levels, but a high PM2.5 concentration plus low temperature was associated with a 1.6-fold increased likelihood of morning hypertension (p < 0.001). In addition, the coexistence of low temperature and high PM2.5 was associated with a 2.3-fold increased likelihood of morning hypertension (p < 0.001) compared to a high-temperature and low-PM2.5 condition. This indicates that PM2.5 could be a modifying factor for BP elevation at low temperatures. Not only individual lung function but also environmental and meteorological factors are important for exaggerated BP elevation [35] .
Mechanism of Cardiovascular Risk in Patients with Lung Diseases
The pathophysiology of elevated cardiovascular risk in patients with cardiovascular events is multifactorial ( table 1 ), but the overactivity of the sympathetic nervous system may play a central role as an underlying mechanism [36] . Both COPD and chronic lung disease are associated with sympathetic nervous system activation ( fig. 2 ) due to systemic inflammation [14] [15] [16] , hypoxia [29] , lower baroreflex sensitivity [37] , inhibition of pulmonary stretch receptors [38] , and elevated muscle sympathetic nerve activity [39] . Vascular stiffness was also reported to be elevated in COPD patients [37, 40] , and the lower baroreflex sensitivity due to vascular stiffness [37] may also result in augmented sympathetic nerve activity. Air pollution may also be a risk for decreased arterial compliance [34] and morning hypertension [35] , both of which may worsen atherosclerosis.
A number of studies have reported that BP variability was elevated in patients with lung diseases. In a recent report, the speed of fluctuations in SBP was associated with the severity of airflow limitation in COPD patients [41] . In patients with pneumoconiosis, a restrictive lung disease, the inhibition of pulmonary stretch receptors might have activated the sympathetic nervous system and resulted in exaggerated BP variability [33] .
Therapy for Cardiovascular Diseases in COPD Patients
The comorbidities of COPD and lung complications can affect the severity of COPD and the quality of life of the patients, and thus the prevention and treatment of these comorbidities and complications are important [42] .
Ischemic Heart Disease β-Blockers are useful in the treatment of patients with angina pectoris and myocardial infarction, even in patients with COPD. A large cohort study of COPD patients showed that the advantage of using selective β 1 -blockers exceeded the disadvantage, even in COPD patients with ischemic heart disease [43] . The presence of COPD is no longer a reason for avoiding the use of β 1 -blockers in patients with ischemic heart disease. 
Hypertension
Hypertension is the most frequently seen comorbidity in COPD patients, and its effect on the prognosis is apparent. Even in COPD patients, antihypertensive treatment should be performed following guidelines such as the Japanese Society of Hypertension Guidelines for the Management of Hypertension (JSH2014) [44] . The consensus regarding each antihypertensive drug can be described as follows.
Diuretics and α-Blockers There are no data yet from a clinical trial with patients with low respiratory function.
Calcium Channel Blockers
We do not yet have data to recommend calcium channel blockers for hypertensive COPD patients. However, there is a study showing that the muscle contraction in tracheobronchial smooth muscle was decreased after nifedipine treatment in patients with chronic stable asthma and abnormal lung function [45] . This result suggests that an orally administered calcium channel blocker has a bronchodilating effect. The effect may reinforce the bronchodilator effect of β-agonists.
Renin-Angiotensin System Blocker There are no reports stating that a renin-angiotensin system blocker was found to be harmful to COPD patients. From the point of view of prevention of cardiovascular disease and amelioration of the prognosis, there may be no problem to use renin-angiotensin system blockers in antihypertensive therapy in COPD patients. There are also no reports from a large-scale randomized trial showing that using angiotensin-converting enzyme blockers for patients with respiratory complications resulted in worsening of the cough or bronchospasm.
β-Blockers
In the JSH2014 guidelines [44] , it is stated that β-blockers must be prescribed carefully for COPD patients and that they are contraindicated for patients with asthma. Carvedilol is a nonselective β-blocker, but it has anti-inflammatory and vasodilating effects, and it may improve the atherosclerosis of COPD patients and decrease the rate of cardiovascular events. Nebivolol, which is not yet used in Japan, has β 1 -selectivity. It increases the production of nitric oxide and has a vasodilating effect. It is possible that nebivolol may have some beneficial effect on COPD patients by decreasing their cardiovascular risk [46] . Three randomized controlled trials have examined β-blockers with COPD and heart failure and demonstrated that cardioselective β-blockers were well tolerated in such patients [47] [48] [49] . However, it has been reported that, regardless of the presence of selectivity of the β-receptors, the mortality and the rate of the exacerbation of COPD patients decreased with the use of β-blockers; the study authors did not mention any differences among races [50] . In addition, an association between the use of β-blockers and improved survival was reported in COPD patients with heart failure, myocardial infarction, vascular disease, and hypertension in a recently published review [51] . The pooled relative risk of mortality related to β-blockers in COPD patients was 0.69 (95% CI 0.62-0.78) in a recent meta-analysis [52] , which indicates that β-blockers are protective in patients with COPD.
The data regarding the treatment outcomes of each of the antihypertensive drugs are insufficient. At present, we should manage antihypertensive treatment regardless of the presence of COPD following the appropriate guidelines.
Heart Failure
It is thought that many patients with heart failure are undertreated due to the presence of COPD. Heart failure can be divided into (a) heart failure with preserved ejection fraction and (b) heart failure with reduced ejection fraction as a result of systemic inflammation. A specific treatment for heart failure with preserved ejection fraction has not been established, but for heart failure with reduced ejection fraction, it is recommended that it be treated with β 1 -selective blockers regardless of COPD to improve the cardiovascular prognosis [53] . It was reported that in patients with both heart failure and COPD, treatment by bisoprolol resulted in decreased FEV 1 , but it did not produce any worsening of the symptoms or the quality of life [49] . Selective β 1 -blockers are more effective than nonselective β-blockers in the treatment of heart failure in COPD patients.
Noninvasive ventilation, when added to conventional therapy, improves the outcome of patients with acute respiratory failure that is due to hypercapnic exacerbation of COPD or heart failure in situations of acute pulmonary edema [54] . Biphasic positive airway pressure can improve the right ventricular function and decrease plasma levels of natriuretic peptides [55] . Combined approaches are needed to manage these comorbidities of COPD such as heart failure.
Pulmonary Hypertension
Diuretics are used in the treatment of PH. However, diuretics might be harmful in patients with severe right-sided heart failure with low cardiac output, because diuretics may further decrease cardiac output. The efficacy of digitalis on the right side of the heart is lower than that on the left side, and there is no consensus on the use of digitalis for patients with rightsided heart failure. In addition, there is no data showing that PH-specific vasodilators such as phosphodiesterase-5 inhibitors, endothelin receptor antagonists, and prostanoids are useful for treating PH due to COPD. They may nonselectively dilate the vessels in hypoventilated areas of the lung and worsen hypoxemia [26] . As mentioned above, biphasic positive airway pressure can improve the right ventricular function [55] .
Conclusion
Patients with chronic lung disease, represented by COPD, are a high-risk group for cardiovascular diseases. The Global Initiative for Chronic Obstructive Lung Disease (GOLD) 2014 [56] emphasizes that it is important to pay attention to both the presence of cardiovascular diseases in the treatment of COPD and the presence of COPD in the treatment of cardiovascular diseases. Increased BP variability may be one of the underlying mechanisms behind the relationship between lung disease and increased risk of cardiovascular diseases. Further accumulation of evidence is needed to better understand these two diseases and especially how they are linked clinically. The smoking rate and prevalence of COPD is still high in Asia. It is very important to focus on those risks and future cardiovascular risk, especially in Asia, in order to better treat and improve the prognosis of COPD patients.
